Abstract The idea of a structured catalytic converter placed immediately after engine exhaust valves, thus operating on high gas temperature and velocity, is explored. The assumption is that major part of the reactor operates in the entry region where Nusselt and Sherwood numbers are highly enhanced. In this work, flow resistances as well as heat and mass transfer coefficients were studied for gas velocities exceeding 50 m/s. Consequently, the transition range (between laminar and turbulent flows) was reached. The comparison with classic monolith has shown significant improvement in heat or mass transfer paid by slight increase in flow resistance.
Effective control of vehicle engine emission, especially that of Diesel engines, constitutes a serious problem because of lean combustion conditions, high amount of nitrogen oxides and production of particulate matter. Therefore, novel methods of controlling CO/NO x emissions are still proposed to enhance the effectiveness of classic monolithic converters. For example, More et al. [1] suggested preliminary pollution reduction in a small converter placed before the turbocharger. Assumed gas velocity may reach 100 m/s. The authors [1] postulated that up to 70 % of pollution may be neutralized within this small reactor. The above idea is a challenge for all: catalysis, material and chemical engineering. This pre-turbo converter should be designed to operate at high gas temperature and velocity. This may bring about erosion of catalyst and even converter substrate (usually ceramic or metallic monolith). Few years ago, Kołodziej and Łojewska [2] and Kołodziej et al. [3] designed and modeled metallic shortchannel structures, which base on the assumption of developing laminar flow [4] . The short monolith proposed in [1] follows the idea of the short-channel reactor [2, 3] for much higher flow velocities with possibility to reach the transition or even turbulent flow regime. For this reason, heat and mass transfer coefficients should be much higher than in classic monolithic converters.
As excessive heat and mass transfer resistances may significantly reduce the yield of catalytic reactor, particularly monolithic one, the idea of small converter operating in very severe flow regime seems attractive, however, very difficult to achieve. In fact, velocity suggested in [1] exceeds many times that commonly applied in chemical reactors and to our knowledge there is no information on the functioning the structured reactors in the literature.
The purpose of this work was to test the short-channel structures described in [2, 3] for very high gas velocities, about 50 m/s, to meet and experimentally check the demands presented in [1] .
Experimental
Two types of structures were tested: of sinusoidal and triangular channel cross-section. The structures were made of metal-Kanthal, steel containing 20 % Cr and 3-5 % Al. Each structure was composed of two type strips stacked alternately and welded: straight strips and wavy (sinusoidal structure) or zigzag (triangular structure) strips. Both strips displayed very close electrical resistance. Table 1 contains the parameters of the tested structures and of the ceramic monolith and packed bed taken for comparison.
Heat transfer and flow resistance experiments were performed using the same methodology as described by Kołodziej and Łojewska [2] . Electric current that heated the structures flowing directly through them reached up to 150 A. Air fed to the reactor was used under ambient temperature and temperatures slightly above the ambient ones (till 50°C). Air velocity reached slightly above 50 m/s (limit of the apparatus). Temperatures of the flowing air and of the structure surface were measured using several thermocouples. Special composite glue providing good heat conduction and no electric conduction was used to fix the thermocouples to the channel walls. During the flow resistance experiment, the Recknagel micromanometer was used that ensured resolution of 0.05 Pa and reproducibility of 0.2 Pa.
The experiments were performed at ambient conditions for a velocity of 50 m/s. However, usual temperature of the exhaust gases (catalytic combustion or deNOx process) amounts to 400°C at least. The Reynolds numbers reached during the experiments (cf. Table 1 ) correspond, at 400°C, to a velocity of *150 m/s.
Results and Discussion
The main purpose of this study was to determine the flow resistance, heat and mass transfer in the short-channel triangular and sinusoidal structures under very high gas velocities. The range of Reynolds numbers used (cf .  Table 1 ) proved that not only the laminar, but also the transition flow occurred in the channels.
In short capillary channels the developing laminar flow lead to enhanced transport coefficients, even more within the transient flow range. Unfortunately, in this developing region (or entrance channel section) the flow resistance is also higher comparing with the fully developed flow.
Fanning friction factors, f, defined by Darcy-Weisbach equation: 
The correlations for triangular and sinusoidal structures are, respectively:
78 experiments were executed for each structure. The average error does not exceed 1 % for both cases. Figure 1 compares both experimental and theoretical results: flow resistance results, correlations derived, theoretical solution of Fleming and Sparow [5] for laminar developing flow in short triangular (equilateral) channel and the dependence proposed by Shah [6] for fully developed laminar flow in triangular and sinusoidal channel.
In the case of triangular structure the experimental points lie close to the theoretical solution of Fleming and Sparow [5] (line 1 and eq. 3 in Fig. 1 ). However, the results obtained for sinusoidal structure lie below the theoretical solutions of Fleming and Sparow [5] (line 1 and eq. 4, in fact, for the triangular channel) and even below the solution for fully developed laminar flow (line 3-Shah [6] ).
As the independent mass transfer experiments were not performed, the heat and mass transfer analogy was used to derive the mass transfer characteristics. This approach was applied and experimentally proved in [7] ; a wide discussion of the problem is presented in [8] . 
The number of experimental points was 258 for both, triangular and sinusoidal structures. The average error for triangular structure amounts to 6 % while for sinusoidal structure-7 %. Nu H and Nu T (analogically Sh H and Sh T ) are Wibulswas' [9] 
The heat transfer results and correlations with theoretical solutions of Wibulswas [9] are presented in Fig. 2 . The mass transfer description is analogical. Figure 2 shows that, for large Reynolds numbers (small L * ), Nusselt numbers are higher than theoretical solution of Wibulswas found for triangular structures [9] (line 2 in Fig. 2 ). This is because the Wibulswas' [9] solution applies to laminar flow, while the experiments achieved the transition flow regime. The discrepancy between the experiments and the theory is not big in the case of triangular structure. For the sinusoidal structure the differences between the experiments and the Wibulswas' [9] prediction for triangular channel are significant. However, the theoretical solution for laminar flow developing in a sinusoidal channel is not available in the literature. Therefore, Wibulswas' [9] solution is the only possibility to compare the experiments with theoretical prediction. Sinusoidal channel slightly ressemble the triangular one with rounded corners.
The experimentally obtained ranges of Nusselt numbers drop into the range from 5.2 to 122 (Sh = 8.4-264) for the triangular structure and-from 6.6 to 139.8 (Sh = 9.0-288) for the sinusoidal structure, which agrees well with the Nu and Sh range from 4 to 100 postulated by More et al. [1] .
A question arises whether the pressure drop is acceptable for a reactor working with such a large velocity. The reactor (pre-turbo converter) length L R assumed was 10 or 20 mm. This is in accordance with the concept of pre-turbo converter presented by More et al. [1] as this reactor type is expected to realise 50-70 % of total conversion at very short distance. Resulting pressure drop for the structures considered are presented in Table 2 .
As visible, the pressure drop of structures is almost two orders of magnitude lower than that of packed bed. The pressure drop of short-channel structures is close to the monolith. Such a short monolith (10-20 mm) may be regarded as a short-channel structure as well. The flow resistance seems acceptable for very short reactors considering high temperature near to the exhaust valve, very intense mass transfer and large available pressure of the exhaust gas in this region of an engine (near to the exhaust valve).
A comparison of the short-channel structures studied with the ceramic monolith 100 cpsi and packed bed, in terms of mass transfer and flow resistance, is presented in Figs. 3 and 4 , respectively. Hawthorn [10] correlations were used to calculate Sherwood numbers and Fanning friction factors of the monolith. Sherwood numbers of the packed bed was calculated using Wakao and Kaguei [11] correlation and flow resistance was calculated using Ergun equation. In the case of the turbulent flow, the flow resistance results were obtained using Blasius equation and the mass transfer results were calculated using the classic equation applied for the turbulent flow in tube: Sh = 0.023Re 0,83 Sc 0,44 [12] (similar formula, known as McAdams equation, operated for heat transfer).
As it is shown in Fig. 3 mass transfer for triangular and sinusoidal structures is one order of magnitude higher than those of monolith and comparable with the packed bed. It is noticeable that shortening the channel length (40 times) improved the mass transfer coefficient (Sherwood number) 2 till 30 times. The flow resistance for short-channel structures almost comparable with monolith was rated as a success. Temperature 400°C, atmospheric pressure, superficial gas velocity w 0 = 50 m/s Fig. 3 Mass transfer for short-channel structures (selected experimental points) and monolith tr triangular structure, sn sinusoidal structure, 1 packed bed of 2 mm spheres, 2 monolith 100cpsi, 3 turbulent flow in tube It is not easy to compare the particular solutions considering both transfer properties and pressure drop. The efficiency criteria proposed in [2] enable to compare structure taking into account flow resistance, mass transfer and reaction kinetics. For an arbitrary kinetics, the criterion v is defined:
and for very fast kinetics (k r ? ?)
The details are presented in [2] . The comparison of the efficiencies for the both cases presented above is shown in Fig. 5 . In the Figure, the corresponding gas velocities are shown in the form of diagram. The experiments were performed at temperature close to the ambient one and with gas velocities up to 50 m/s. When considering typical engine exhaust conditions (400°C), the experimentally studied Re range (Table 1) For the kinetics of Bennett et al. [13] , sinusoidal shortchannel structure displays the highest efficiency, next classic monolith and triangular structure. However, for very fast kinetics kinetics (k r ? ?) the best in again sinusoidal structure, next the triangular one and monolith. Fast reaction kinetics is advantageous to short-channel structures. The packed bed displays the worst efficiency for both cases considered.
Conclusions
Pioneering transfer and friction experimental study was performed on short-channel structures that operated at very high gas velocities, about 50 m/s (laminar and transient flow). Friction factors and Nusselt (Sherwood) numbers were experimentally measured and correlated as functions of dimensionless channel length. The correlations covered both laminar developing flow and transient flow ranges with satisfactory accuracy. The heat (mass) transfer correlations were based on the theoretically derived solutions for developing laminar flow supplemented by experimentally derived correction terms.
Short-channel structures display highly enhanced transfer properties in comparison with classic monoliths under high gas velocities. Nusselt (Sherwood) numbers are over one order of magnitude higher. Particularly, heat (or mass) transfer properties of sinusoidal structure are promising within transient region. The transfer properties enhanced by up to 30 times are paid by only moderate increase in flow resistance.
The efficiencies of the short-channel structures, particularly of the sinusoidal ones, are excellent, especially for very fast kinetics. The short-channel structures seem very efficient solution for the pre-turbo catalytic converter. [13] , v defined by eq. (9), b for very fast kinetics, v defined by eq. (10). Thin solid lines connect points of specified gas velocity w 0
